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Intrinsically disordered proteins (IDPs) do not possess well-defined three-di-
mensional structures in solution under physiological conditions. We develop
all-atom, united-atom, and coarse-grained Langevin dynamics simulations
for the IDP a-synuclein that include geometric, attractive hydrophobic, and
screened electrostatic interactions and are calibrated to the inter-residue sepa-
rations measured in recent smFRET experiments. We find that a-synuclein is
disordered with conformational statistics that are intermediate between random
walk and collapsed globule behavior and demonstrate close resemblance to the
known experimental data. We use these simulations to study oligomerization
and aggregation of multiple a-synuclein proteins that may precede amyloid
formation.
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The synucleins are a family of natively unstructured proteins consisting of a-,
b-, and g-synuclein, which are primarily expressed in neurons. Despite their
high sequence homology, the synucleins have been linked to a wide variety
of pathologies, including neurological disorders, such as Parkinson’s disease
(a-synuclein) and Dementia with Lewy bodies (a- and b-synuclein), and vari-
ous types of cancers (g-synuclein). Of the synucleins, a-synuclein is the most
prone to pathological aggregation, while b-synuclein appears to lack this ten-
dency. Intrachain diffusion is one of the most elemental processes contributing
to our understanding of protein folding mechanisms. Yet, these processes are
not only central to protein folding, they are also essential to elucidating the
mechanisms of protein-protein interactions, including self-association. Thus,
the propensity, or lack thereof, for the synucleins to form fibrils can putatively
be determined by differences in intrachain diffusion rates within various do-
mains of the protein chain. Moreover, intrachain diffusion will also affect the
nature and stability of other bimolecular interactions. In this study, we used
a combination of single-molecule fluorescence correlation spectroscopy
(FCS) and Fo¨rster resonance energy transfer (FRET) to characterize the extent
of segmental motion allowed within different regions of the proteins. End-to-
end contact rates are monitored through the fluorescence quenching of the
dye tetramethylrhodamine-5’-maleimide using FCS, while the end-to-end dis-
tance distributions are monitored using FRET.
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Amyloid proteins, the major component of the fibrillar plaques and tangles in
neurodegenerative diseases,1 are often intrinsically disordered in solution.
Amyloid-beta is the prototypical peptide from Alzheimer’s disease. We dem-
onstrated that even for this fast-aggregating peptide, the aggregation process
can be monitored by spin-label mobility, determined by continuous wave
EPR.2 Here we show that membrane-mimicking detergents reduce aggregate
size, and above the critical micelle concentration promote monomeric amy-
loid-beta.
Membrane interaction of alpha-synuclein, the protein related to Parkinson’s
disease, may be physiologically relevant.3 The structure of the vesicle-bound
form of this protein is therefore of interest. Binding strength and mode of inter-
action depend strongly on membrane composition,4 and long-distance con-
straints from EPR are particularly useful to determine membrane-bound
conformations.5 Here we focus on the relation of membrane-related aggrega-
tion6 and fibril structure.7 Comparing the arrangement of alpha-synuclein in
both forms we speculate that membrane aggregation observed by double elec-
tron electron resonance (DEER or PELDOR) on POPG-SUV’s6 is off-pathway
for fibrillization.
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maniam, Chembiochem. 13(6), 761 (2012), and refs therein. 5J.N.Rao, C.C.Jao,
B.G.Hegde, R.Langen, and T.S.Ulmer. Journal of the American Chemical So-
ciety., 2010, 132, 8657-8668. 6 M. Drescher, et al., 132(12), 4080-4082 (2010).
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Calmodulin (CaM) is a calcium binding protein that plays numerous roles in
Ca-dependent cellular processes, including uptake and release of neurotrans-
mitters in neurons. a-Synuclein (a-syn), one of the most abundant proteins in
central nervous system neurons, helps maintain presynaptic vesicles containing
neurotransmitters and moderates their Ca-dependent release into the synapse.
Ca-bound CaM interacts with a-syn at several locations along its sequence,
with the strongest interaction seen at the a-syn N-terminus. The N-terminal re-
gion of a-syn is important for membrane binding, thus CaM could modulate
membrane association of a-syn in a Ca-dependent manner. In contrast, Ca-
free CaM has negligible interaction.
The interaction with CaM leads to significant signal broadening in both CaM
and a-syn NMR spectra, most likely due to conformational exchange. The
broadening is much reduced when binding a peptide consisting of the first 19
residues of a-syn. In neurons, most a-syn is acetylated at the N-terminus,
and acetylation leads to a ten-fold increase in binding strength for the a-syn
peptide. Thus, the structure of the CaM-a-syn complex was obtained using
the N-terminally acetylated peptide. The peptide adopts a helical structure at
the N-terminus with the acetyl group contacting calmodulin, and with less or-
dered structure towards the C-terminus of the peptide.
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Gauging the pathways of a natively unfolded Parkinson disease-related protein,
a-synuclein (a-syn), between and within cells, is important for understanding
pathogenesis. Here, we use a robust b-barrel ion channel, a-hemolysin (a-
HL), as a model system to investigate the possibility of channel-assisted mem-
brane transport of a-syn. The interaction of a-syn with the channel was ob-
served as a transient, ~95 % block of the channel current when (i) a-syn was
applied from the membrane side where the shorter (stem) part of the a-HL hep-
tamer is exposed and (ii) the applied potential is lower on the side of a-syn ap-
plication. While the on-rate of a-syn binding to the channel exponentially
increases with the applied field, the off-rate displays a crossover behavior. Sta-
tistical analysis of the blockage events indicates that at voltages>80 mV a sig-
nificant portion of a-HL-bound a-syn undergoes subsequent translocation. The
observed on-rate varies by more than 100 times, depending on bilayer lipid
composition. To delineate the role of specific domains, N-terminal
membrane-interacting and acidic C-terminal tail, we produced and examined
1) a C-terminal truncation variant lacking the last 25 amino acids (a-syn115)
and 2) a synthetic peptide composed of the last 23 residues (C23). In the
case of a-syn115, the absence of the highly negatively charged C-terminal
tail leads to a significant decrease in the rates of both binding and translocation
events. For C23, no time-resolvable blockades of the channel current could be
detected, suggesting that membrane binding of a-syn plays an important role in
the translocation process. Surprisingly, we found that a-syn can also effectively
block mitochondrial channel VDAC, an endogenous b-barrel protein, suggest-
ing that ‘‘large’’ membrane pores may serve as gateways for a-synuclein trans-
port in vivo.
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